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Straightforward preparation of ﬂuorinated
covalent triazine frameworks with signiﬁcantly
enhanced carbon dioxide and hydrogen
adsorption capacities†
Guangbo Wang,*a,b Yuliia Onyshchenko,c Nathalie De Geyter,c Rino Morent,c
Karen Leus b and Pascal Van Der Voort *b
The development of advanced functional porous materials for eﬃcient carbon capture and separation is
of prime importance with respect to energy and environmental sustainability and employing covalent tri-
azine frameworks as the adsorbents for carbon capture is deemed to be one of the most promising
means to alleviate this issue. Herein, we report the construction of a set of partially ﬂuorinated micro-
porous covalent triazine frameworks (FCTFs) with appropriate CO2-philic functionalities (N and F) and
high porosities (up to 2060 m2 g−1) for eﬀective gas adsorption and separation. Markedly, the CO2
adsorption capacity of the FCTF materials prepared at a ZnCl2/monomer ratio of 20 and 400 °C reaches
up to 4.70 mmol g−1 at 273 K and 1 bar, which is among the top level of all the reported CTFs. In addition,
the studied FCTFs also exhibit a signiﬁcantly high H2 uptake of 1.88 wt% at 77 K and 1 bar, outperforming
most of the reported CTF materials under identical conditions. Apart from this, the obtained FCTF
materials also display moderate CO2 selectivities over N2 (28) and CH4 (5.6) at room temperature.
Introduction
An important and ongoing challenge of the world is the con-
tinuous emission of carbon dioxide, which is mainly produced
by the burning of fossil fuels (e.g. coal, petroleum or natural
gas) and is widely deemed to be the primary contributor to
global warming.1 As fossil fuels will still be the dominant
energy sources for human beings in the near future, it is
beyond any doubt that exploring more eﬃcient and sustain-
able technologies or approaches to keep the atmospheric CO2
concentration at a relatively safe level is urgently required.2,3 In
this regard, physical adsorbents, such as zeolites,4 activated
carbons,5 metal–organic frameworks6–8 and covalent organic
frameworks,9,10 have been shown to be attractive due to their
high CO2 adsorption capacities and low regeneration energy.
In particular, covalent triazine frameworks (CTFs), a subclass
of covalent organic frameworks based on the trimerization of
aromatic nitriles in the presence of catalysts, have been recog-
nized as one of the most promising candidates for eﬃcient
carbon capture due to the CO2-philic N-rich environments
present within their frameworks as well as their extremely high
physiochemical stability, intrinsic porosity and structural
tunability.11–18 Ever since Thomas et al. reported the first CTF
material (CTF-1) in 2008,19 tremendous eﬀorts have been
made in the development and examination of the possible
applications of this type of material.20–27 At the design stage of
the building blocks, the incorporation of specific functional-
ities, such as oxygen, fluorine and nitrogen groups, into the
preselected molecular monomers prior to the assembly
process of the materials has emerged as an eﬃcient and prom-
ising pathway to improve the gas adsorption performances of
the CTF materials.28,29 According to Han’s work, the incorpor-
ation of fluorine groups into the CTFs can oﬀer not only
enhanced gas adsorption capacities but also an increased
kinetic selectivity for CO2/N2 separation.
29 Recently, we have
reported a set of fluorine-containing CTF materials, which
displayed remarkably high CO2 uptake (up to 5.98 mmol g
−1 at
273 K and 1 bar) due to the synergistic eﬀects of polar C–F
bonds and rich CO2-philic N sites.
14 Very recently, S. Das has
employed two C3-symmetric triazole-substituted aromatic tri-
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nitrile monomers having a fluorinated and a non-fluorinated
phenyl core to prepare a series of CTF materials, with the
fluorinated CTFs exhibiting remarkably enhanced CO2 and H2
uptake compared to the non-fluorinated materials.30 Our
group has reported a family of N-rich CTF materials based on
a novel N-heteroaromatic tetranitrile monomer for eﬃcient
carbon capture and separation;13 however, there is still room
for improving their gas adsorption and separation perform-
ance compared to the benchmark CTF materials. In this con-
tribution, to further improve the gas adsorption performance,
we report the design and synthesis of a set of highly porous
fluorinated covalent triazine frameworks (FCTFs) by using
4,4′,4″,4′′′-((perfluoro-1,4-phenylene)bis(pyridine-4,2,6-triyl))
tetrabenzonitrile as the building block under typical ionother-
mal conditions. The influence of the ZnCl2/monomer ratio on
the physical properties of the resulting CTF materials was sys-
tematically investigated. The prominent role of the fluorine
groups and the ultramicropores in the CO2 and H2 adsorption
capacities as well as the CO2/N2 and CO2/CH4 selectivities was
demonstrated by comparing the gas adsorption and separation
performances of the fluorinated and non-fluorinated CTF
materials. This work showed that the introduction of task-
specific functional groups into the CTF structure together with
the determination of their eﬀects on the adsorption capacities
and selectivities toward specific guest molecules provide
useful insights into the design and synthesis of novel




The 1H and 19F NMR spectra of the monomer were recorded
on a Bruker Advance 300 MHz/500 MHz spectrometer using
mesitylene or trifluorotoluene as the internal standard.
Powder X-ray diﬀraction (PXRD) patterns were collected on a
Thermo Scientific ARL X’Tra diﬀractometer, operated at 40 kV,
30 mA using Cu-Kα radiation (λ = 1.5406 Å). Fourier Transform
Infrared Spectroscopy (FT-IR) in the region of 4000–800 cm−1
was performed with a Thermo Nicolet 6700 FT-IR spectrometer
equipped with a nitrogen-cooled MCT detector and a KBr
beam splitter. Elemental analyses (C, H, and N) were carried
out on a Thermo Scientific Flash 2000 CHNS-O analyzer
equipped with a TCD detector. High angle annular dark field
scanning-transmission electron microscopy (HAADF-STEM)
and the corresponding energy dispersive X-ray spectroscopy
(EDX) mapping measurements were performed on a JEOL
JEM-2200FS high resolution scanning transmission electron
microscope equipped with an EDX spectrometer with a spatial
resolution of 0.13 nm, an image lens spherical aberration cor-
rector, an electron energy loss spectrometer (filter) and an
emission field gun (FEG) operating at 200 keV.
Thermogravimetric analysis (TGA) was performed on a
Netzsch STA-449 F3 Jupiter-simultaneous TG-DSC analyzer in a
temperature range of 20–800 °C under an air atmosphere at a
heating rate of 5 °C min−1. X-ray photoelectron spectroscopy
(XPS) measurements were performed using a PHI Versaprobe
II X-ray photoelectron spectrometer. All samples were analyzed
using a microfocused, monochromatic Al Kα X-ray source
(1486.6 eV; 200 μm spot size at 51.9 W). The pressure in the
analysis chamber was typically 10−6 Pa during the measure-
ments. Photoelectrons were collected at a take-oﬀ angle of 45°
from the surface normal. Wide range (survey) spectra and
narrow scans (C 1s, N 1s and F 1s) were acquired with a pass
energy of 187.85 eV (0.80 eV step) and 23.5 eV (0.1 eV step)
respectively. All spectra were analyzed using MultiPak software
and charge corrected with respect to the hydrocarbon com-
ponent of the C 1s peak at 285 eV. The N2 adsorption iso-
therms were obtained using a Belsorp Mini apparatus at 77 K,
whereas the CO2, CH4 and H2 adsorption measurements were
carried out on a Quantachrome iSorb-HP gas sorption analy-
zer. Prior to the adsorption measurements, the CTF materials
were activated by slowly heating up the samples to 150 °C at a
heating rate of 5 °C min−1 under vacuum for 3 h.
Synthesis of the monomer and the FCTF materials
All the chemicals were bought from commercial suppliers and
used without further purification. The monomer 4,4′,4″,4′′′-
((perfluoro-1,4-phenylene)bis(pyridine-4,2,6-triyl))tetrabenzo-
nitrile was synthesized according to the previously reported
procedure using 2,3,5,6-tetrafluoroterephthalaldehyde as the
reactant instead of terephthalaldehyde.31 The detailed charac-
terization of the monomer is presented in the ESI (Fig. S1–
S3†). For the synthesis of the FCTF materials, an ampoule was
charged with the monomer (0.354 g, 0.5 mmol) and various
amounts of anhydrous ZnCl2 (5 to 20 equivalents) in a glove
box. Afterwards, the ampoule was evacuated, flame-sealed and
heated to 400 °C at a heating rate of 1 °C min−1 for 48 h. After
cooling down to room temperature, the obtained crude
product was ground and washed thoroughly with water to
remove residual salts. The crude materials were stirred in 1 M
HCl overnight, followed by successive washing with water, THF
and acetone. Finally, black powder materials were dried under
vacuum at 150 °C overnight prior to further analysis. For com-
parison, the non-fluorinated CTFs (CTF-20-400) were also syn-
thesized according to our previous work.13
Results and discussion
The synthesis of the partially fluorinated CTFs was carried out
under typical ionothermal synthesis conditions in the pres-
ence of anhydrous ZnCl2 as the Lewis acid catalyst (Fig. 1).
In our previous work, we observed that the non-fluorinated
materials synthesized at 400 °C exhibited the best gas adsorp-
tion and separation performance,13 and thus, in this study a
series of fluorinated CTFs were synthesized at 400 °C using 5,
10 and 20 equivalents of ZnCl2 respectively to investigate the
influence of the ZnCl2/monomer ratio on the structural and
gas adsorption properties of the FCTF materials. For simplifi-
cation, in the following the obtained partially fluorinated
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CTF materials will be denoted as FCTF-5-400, FCTF-10-400 and
FCTF-20-400 (FCTF-ZnCl2/monomer ratio-synthesis tempera-
ture). The synthesized materials were examined by means of
powder X-ray diﬀraction (PXRD) to determine their crystalli-
nity. As expected, all the samples were amorphous (Fig. S4†),
which is typical of CTF materials prepared under ionothermal
synthesis conditions with the most notable exceptions being
crystalline CTF-0,32 CTF-119 and CTF-2.33 FT-IR measurements
were carried out to confirm the completion of the trimeriza-
tion process. As shown in Fig. 2, the characteristic band of the
nitrile groups at 2240 cm−1 for FCTF-5-400 and FCTF-10-400
can be clearly observed, suggesting an incomplete trimeriza-
tion process. Due to the result of the high mass of the
monomer that was used during the synthesis or in other
words, the amount of ZnCl2 used during the synthesis of both
FCTFs is not enough to catalyze the trimerization reactions,13
while the trimerization reaction was completed for FCTF-20-
400, as the characteristic cyano group band was not observed
anymore. The triazine moieties can be assigned to the bands
at around 1540 and 1360 cm−1 (highlighted in grey), which are
usually quite weak and diﬃcult to distinguish due to the loss
of nitrogen and decomposition of the triazine units during the
ionothermal synthesis.34,35 To obtain more detailed infor-
mation on the composition of the resulting FCTF materials,
elemental analysis was performed on all the synthesized
samples. As shown in Table 1, it was observed that by increas-
ing the ZnCl2/monomer ratio from 5 to 20, the content of C
gradually increased, while the content of H and N progressively
decreased. The overall lower experimentally observed N and C
content compared to the theoretical values is likely caused by
carbonization and residual water and ZnCl2 entrapped in the
pores of the structures that cannot be completely removed
even after extensive washing.19,34 The presence of fluorine
groups in the FCTF materials was confirmed by high angle
annular dark field scanning-transmission electron microscopy
(HAADF-STEM) and the corresponding energy dispersive X-ray
spectroscopy (EDX) mapping images (Fig. 3, S5 and S6†). It
can be clearly seen that C, N and F elements are well dispersed
and homogeneously distributed throughout the materials. In
addition, X-ray photoelectron spectroscopy (XPS) measure-
ments were performed to further investigate the chemical
states of the various elements present in the synthesized FCTF
materials. The XPS C1s spectra of all FCTFs were fitted into
five peaks with binding energies of 285.00 ± 0.05 eV (C–C),
286.30 ± 0.05 eV (C–O/C–N), 287.70 ± 0.05 eV (CuN), 289.10 ±
0.05 eV (O–CvO) and 291.20 ± 0.05 eV (C–F) (Fig. S7†). The
results show that the deconvolution of the N 1s peak can lead
to four peaks: pyridinic (398.8 ± 0.1 eV), pyrrolic (400.2 ± 0.1
eV), quaternary (401.3 ± 0.1 eV) and oxidized N–O (403.4 ± 0.2
eV) (Fig. S8†). The amount of pyridinic nitrogen species
decreases with the increase of the ZnCl2 amount, while the
opposite tendency can be noted for the quaternary species.
Fig. 1 Schematic representation of the ideal structures of FCTF materials.
Fig. 2 FT-IR spectra of all synthesized FCTF materials.
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The N–O chemical shift appears mainly due to the exposure of
the samples to open air. The detailed chemical composition
obtained from the XPS survey scans for all CTF materials is
summarized in Tables S1–S3.† The single peak at 687.8 eV in
the F1s spectra of the FCTF materials corresponds to aromatic
C–F species36 (Fig. 4). It should be noted that, for the FCTF-10-
400 and FCTF-20-400 materials, this peak is too weak to be dis-
tinguished due to the fact that ZnCl2 is able to induce and
accelerate the defluorination process,37 thus resulting in a pro-
minent loss of the fluorine groups, which is also in accordance
with the results obtained from HAADF-STEM and EDX
mapping. The fluorine content in the FCTF materials, calcu-
lated from XPS measurements, ranges from 1.44% (out of a
theoretical value of 10.72%) for the FCTF-5-400 to only 0.45%
for the FCTF-20-400 material. The morphological features of
the synthesized FCTF materials were characterized by scanning
electron microscopy (SEM) analyses, indicating the irregular
shape and size feature of the CTF materials (Fig. S9†).
Thermogravimetric analysis (TGA) performed under an air
flow indicated that all the samples are stable up to 400 °C
(Fig. S10†).
The permanent porosity properties of all the fluorinated
CTFs were investigated by means of nitrogen adsorption
measurements at 77 K upon activation of the samples under
vacuum at 150 °C for 3 h. As shown in Fig. 5, all the N2 adsorp-
tion isotherms exhibit a steep rise of nitrogen uptake at low
relative pressures (P/P0 < 0.01), indicating the microporous
character of the materials. However, the existence of a slight
hysteresis in the isotherms suggests the presence of mesopores
in the materials. The Brunauer–Emmett–Teller (BET) surface
area and pore volume of FCTF-20-400 can reach up to
2060 m2 g−1 and 1.06 cm3 g−1, which are much higher than




a (m2 g−1) Vmicro
b (cm3 g−1) Vtot
c (cm3 g−1)C H N Fd
FCTF-5–400 73.60 3.18 9.78 1.44 987 0.46 0.52
FCTF-10–400 75.40 2.83 7.98 0.87 1897 0.89 0.93
FCTF-20–400 80.80 2.40 7.62 0.45 2060 0.96 1.06
Theoretical value 74.57 2.84 11.86 10.72 — — —
a BET surface area calculated over the pressure range 0.01–0.05 P/P0 at 77 K.
b Vmicro, pore volume at P/P0 = 0.1 at 77 K.
c Vtot, total pore volume cal-
culated at P/P0 = 0.98.
dDetermined by XPS.
Fig. 3 High angle annular dark ﬁeld scanning-transmission electron microscopy (HAADF-STEM) and the corresponding energy dispersive X-ray
spectroscopy (EDX) mapping images of carbon (blue), nitrogen (green) and ﬂuorine (red) for the sample denoted as FCTF-5-400.
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those of the non-fluorinated CTF-20-400 material (1458 m2 g−1
and 0.84 cm3 g−1, respectively, Fig. S11†)13 and this can be
ascribed to the presence of more defects derived from the
decomposition of the triazine rings and the loss of fluorine
groups. The pore size distributions of the FCTFs were derived
by the nonlocal density functional theory method (Fig. S12†)
and all the samples exhibit distinct micropores. Among these
samples, FCTF-20-400 possesses dominant ultramicropores
(∼0.76 nm) with a pore width of 1.89 nm, which is thought to
be beneficial for the gas adsorption properties. The detailed
surface areas and pore volumes of all the partially fluorinated
CTF materials are summarized in Table 1.
Given the high porosity as well as the nitrogen- and fluo-
rine-rich features of the obtained FCTF materials, single-com-
ponent gas, including CO2, CH4 and N2, adsorption isotherms
were recorded up to 1 bar at 273 K and 298 K respectively to
evaluate their selective gas adsorption performance (Fig. 6 and
Fig. S13†). The results indicate that when more equivalents of
ZnCl2 are applied, a higher CO2 adsorption capacity at 273 K
and 298 K is obtained. More importantly, the CO2 adsorption
capacities of all the fluorinated CTFs are much higher than
those of the non-fluorinated CTF materials. For example, the
CO2 adsorption capacity is found to be 3.48 mmol g
−1 at 273 K
for CTF-20-400,13 while FCTF-20-400 exhibits a CO2 uptake of
4.54 mmol g−1 under the same conditions, which outperforms
many reported CTF materials, including CTF-1 (2.47 mmol
g−1),29 CTF-0 (2.25 mmol g−1),32 fl-CTF-400 (4.13 mmol g−1),38
CTF-BIB-3 (3.85 mmol g−1)39 and CTF-DI-7 (3.98 mmol g−1)40
(Table 2). It should be noted that the CTFs prepared at temp-
eratures of above 400 °C in general exhibit a higher CO2
uptake, such as HAT-CTF-450/600 (6.3 mmol g−1)28 and df-
TzCTF600 (6.79 mmol g−1)30 at 273 K and 1 bar; however,
these materials act more as N-doped porous carbon-based
materials than as CTFs, which makes direct comparison
diﬃcult. In general, the synergistic eﬀects of ultramicroporos-
ity and abundant CO2-philic functional groups are proposed to
play a crucial role in achieving a superior CO2 adsorption per-
formance. To provide a better understanding of CO2 adsorp-
tion by the FCTF materials, we have also calculated the isos-
teric heat of CO2 adsorption (Qst) for all the FCTF materials by
applying the Clausius–Clapeyron equation to fit the adsorption
isotherms at 273 K and 298 K. The Qst at low adsorption
uptake ranges from 25 kJ mol−1 to 29.5 kJ mol−1 (Fig. S14†),
suggesting strong dipole–quadrupole interactions between the
frameworks and the CO2 molecules. Moreover, the Qst values
of all the fluorinated CTFs are slightly higher than those of the
non-functionalized CTFs (22.1–27.9 kJ mol−1), explaining the
overall higher CO2 uptake observed for the FCTFs than the
pristine non-fluorinated CTFs.
The incorporation of fluorine sites into the CTF materials
not only results in their enhanced CO2 adsorption capacities
but also aﬀords a more preferential adsorption of CO2 over N2
and CH4, i.e., higher CO2/N2 and CO2/CH4 selectivities,
another essential factor for realistic carbon capture and separ-
ation. The corresponding CO2/N2 and CO2/CH4 selectivities of
all the partially fluorinated CTFs were calculated by using the
Henry model according to the initial slopes of their corres-
ponding single gas adsorption isotherms measured at 298 K
(Fig. S15 and S16†). As can be seen from these figures, the
CO2/N2 and CO2/CH4 selectivities of all FCTFs are higher than
those of the non-fluorinated CTFs. The FCTF-5-400 material
exhibits the highest adsorption selectivity for CO2/CH4 (5.6)
and CO2/N2 (28), which can be mainly attributed to the pres-
ence of ultramicropores and F groups, given the fact that
FCTF-5-400 possesses the highest amount of fluorine groups.
Because the selectivities calculated from the Henry constant
ratio represent the values close to zero pressure, the ideal
adsorption solution theory (IAST) model was additionally used
to predict the CO2 separation performance of CTFs in the
whole pressure region. As shown in Fig. S17 and S18,† higher
CO2/N2 selectivities were obtained using the IAST model in a
low pressure range, which decrease with increase in the
Fig. 4 F 1s spectra of the obtained FCTF materials.
Fig. 5 The N2 adsorption (solid symbols) and desorption (empty
symbols) isotherms of all the synthesized FCTF materials measured at
77 K.
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working pressures, and FCTF-5-400 exhibited higher selectiv-
ities than others, which is in accordance with the Henry
method. The CO2/CH4 selectivities (ranging from 3 to 6) are
similar to the values obtained using the Henry Model for all
the CTF materials. The detailed CO2/N2 and CO2/CH4 selectiv-
ities of all the synthesized materials are listed in Table 2. The
results indicate that the micropores of the CTFs together with
the incorporation of fluorine groups into the frameworks
exhibit great benefits not only for improving the gas adsorp-
tion capacities, but also for enhancing the selectivities of CO2
over CH4 and N2 in the low pressure region.
Hydrogen storage has attracted significant public interest
due to the high energy density, high chemical abundance and
the environmental friendly characteristics of hydrogen.41
Among all the examined adsorbents, the CTFs are of particular
interest due to their structural diversity and tunability as well
Fig. 6 The CO2 adsorption isotherms of all the studied FCTFs (top) and comparison of FCTF-20-400 and CTF-20-400 measured at 273 K and
298 K up to 1 bar (bottom).
Table 2 Summary and comparison of the gas adsorption and separation properties of the FCTFs synthesized in this work and the reported CTF




H2 uptake (wt%) CO2/N2 Selectivity CO2/CH4 Selectivity
Qst for CO2 (kJ mol
−1) Ref.273K 298K 77K 298K 298K
FCTF-5–400 3.15 1.92 1.3 28 (172a) 5.6 (4.6a) 29.5 This work
FCTF-10–400 4.25 2.48 1.86 19 (104a) 4.7 (4.7a) 25.0
FCTF-20–400 4.54 2.67 1.88 21 (92a) 5.1 (5.6a) 27.5
CTF-5–400 2.25 1.51 0.98 24 — 25.5 13
CTF-10–400 2.90 1.68 1.21 14 — 27.9 13
CTF-20–400 3.48 2.09 1.50 19 — 22.1 13
CTF-1 2.47 1.41 — 20a — — 29
CTF-0 2.25 — — — — — 32
fl-CTF-400 4.13 1.97 1.95 15 — 30.7 38
CTF-BIB-1 4.36 2.54 — 29.3a 6.9a 35.2 39
CTF-DI-7 3.98 2.42 — 47 13 40.7 40
a CO2/N2 selectivity was calculated by the IAST method.
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as their extremely high physiochemical stability. To further
examine the influence of micropores and fluorine groups on
the H2 storage performance of the FCTF materials, the H2
adsorption isotherms of all the FCTFs were recorded at 77 K to
a maximum H2 pressure of 1 bar (Fig. 7). In general, higher
surface areas result in higher H2 adsorption capacities.
Because of this, the FCTF-20-400 material exhibits the highest
H2 uptake among all the synthesized FCTFs. It is noteworthy
that the H2 adsorption uptake of all the FCTF materials is sig-
nificantly higher than that of the non-functionalized ana-
logues (Table 2). For example, the CTF-20-400 material exhibi-
ted a H2 adsorption capacity of only 1.5 wt% at 77 K and 1 bar,
while this value was observed to be as high as 1.88 wt% for
FCTF-20-400, which is higher than most of the reported CTF
materials measured under identical conditions, such as
CTF-DCBP (1.55 wt%),19 CTF-py (1.63 wt%),42 PCTF-2
(0.9 wt%)43 lut-CTF400 (1.36 wt%),34 and acac-CTF-5-400
(1.51 wt%),44 comparable to that of PCTF-1 (1.86 wt%)43 and
only slightly lower than that of fl-CTF-400 (1.95 wt%)38 and
df-TzCTF400 (2.16 wt%).30
Conclusion
In summary, we successfully prepared a set of partially fluori-
nated CTF materials, which exhibited remarkably enhanced
gas adsorption and separation performance. The presence of
fluorine groups was confirmed through TEM and EDX
mapping measurements. By means of XPS analysis, it was
observed that only 10% of theoretical fluorine groups were
present in the frameworks due to the defluorination process.
Interestingly, in comparison to the non-functionalized CTFs,
the obtained FCTF materials in this study exhibited much
higher CO2 adsorption capacities (4.54 mmol g
−1 versus
3.48 mmol g−1 at 273 K and 1 bar). In addition to this, a sig-
nificantly higher H2 adsorption uptake (1.88 wt% versus
1.50 wt% at 77 K and 1 bar) was obtained for the fluorinated
CTFs than the non-functionalized CTF materials. This
approach not only enables superior CO2 adsorption and separ-
ation performance but also provides new possibilities for the
rational design and synthesis of functionalized porous
materials for various applications.
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